Dynamics of H+ + CO at ELab = 30 eV J. Chem. Phys. 136, 054304 (2012) Rotationally elastic and inelastic dynamics of NO(X2Π, v = 0) in collisions with Ar J. Chem. Phys. 135, 234304 (2011) Efficient long-range collisional energy transfer between the E0g+(3P2) and D0u+(3P2) ion-pair states of I2, induced by H2O, observed using high-resolution Fourier transform emission spectroscopy J. Chem. Phys. 135, 114302 (2011) The vibrational-vibrational (V -V) energy transfer probability P~: ~ _ 1 in CO-CO collisions. CO(O)+CO(v) ---i CO(I) + CO(v -I), has been measured from the first overtone emission spectra for v =3 to v =9 from vibrationaJly excited CO· produced in the reaction of oxygen with acetylene at room temperature. Under fast flow conditions in which spontaneous radiative rates, collisional deactivation rates. and other loss rates are made much smaller than the volumetric pumping rate, we find that the solution of the master equations for the vibrational population can be simplified and V -V transfer rates can be accurately determined. We call this approach the "fast flow approximation." The experimental results are compared with previous work and with a calculation that includes both long-range and short-range interaction potentials.
I. INTRODUCTION
VariOUS kinds of experimental techniques have been employed for the study of vibrational relaxation in a molecular system. 1.2 Among them are shocktube experiments, absorption and dispersion of ultrasonic waves, flash kinetic spectroscopy, ir chemiluminescence, and laser-induced fluorescence. In recent years, ir chemiluminescence has been successfully applied to study the relative rate constants of the formation of various energy levels of the product molecule. 3 Substantial amounts of information on the vibrational energy distribution at various stages of the relaxation during the kinetic process have been obtained from these studies. The method has been exploited by polanyi and his co-workers to determine the relative rate constants for the production of various energy levels of the product moleCule in hydrogen halide reactions among others. 4 Recently, the quenching of ir chemiluminescence has been applied by Hancock et al. 5 to measure the rates of deactivation of vibrationally excited CO* by ground state CO and other molecules. They observed the ir chemiluminescence from vibrationally excited cO* formed in the reaction of oxygen and carbon disulfide and studied the mOdification of the CO first overtone emission spectrum upon the addition of various gases.
In this work, the ir chemiluminescence spectrum of the first overtone emission from the excited CO* formed in the reaction of oxygen with acetylene was studied and the relative vibrational populations were determined for the excited cO* produced in the reaction as a function of various amounts of additional cold CO. 8, 7 The vibrational-vibrational (V-V) energy transfer probabilities ~:~-l for the collisional process CO{O) + CO{v) -CO(l) + CO(v -1) + tJ.E (1) were measured in a fast flow system.
Infrared chemiluminescence experiments are frequently studied under low pressure conditions and in a low volumetric flow rate system to minimize the collisional 228
The Journal of Chemical Physics, Vol. 63, No. 1. deactivation. In a low flow system, analysis of the experimental results becomes complicated as a result of undesirable and unaVOidable effects such as diffusion, recombination, and cascading process from higher excited states.
In view of these difficulties encountered in conventional ir experiments, we feel it is more appropriate to perform ir chemiluminescence studies in a fast flow condition. The fast flow condition means carefully choosing experimental parameters such that the volumetric pumping rat~ is made much faster than the spontaneous radative rate and collisional deactivation rates and other deactivation processes. Under these conditions, the master equations for the vibrational population can be decoupled and the V-V energy transfer rates determined. The technique is called the fast flow approximation.
The V-V energy transfer rates in CO-CO collisions were measured with this technique in a chemiluminescence study of the oxygen-acetylene reaction in which vibrationally excited CO· is produced. The results are in good agreement with our calculation using an interaction potential including both long-range and shortrange interactions. The results are also compared with those obtained by Hancock et al. 5 in an ir quenching chemiluminescence study.
Following a discussion of the experimental method in Sec. IT, we will discuss a steady state solution to the master equations using the fast flow approximation (Sec. m), the calculation of V-V energy transfer rates, and the comparison with the experimental results (Sec. IV), and conclude with some general comments about the method (Sec. V).
II. THE EXPERIMENT
Vibrationally excited cO* is produced in the reactions 8 • 9 Table I . Figure 1 shows the experimental apparatus. A longitudinal fast flow gas system was used and an optical cavity with two end mirrors was set up for the study of possible stimulated emission. None was observed, but the cavity has no effect on the chemiluminescence.
Oxygen atoms were produced by a microwave discharge in a 30 mm id quartz tube by flowing an oxygenhelium mixture through the tube. The microwave magnetron was operated at a current level of 0.5 A at 2.7 kV. Under normal operating conditions, the flow rate of atomic oxygen was measured to be on the order of 10-4 mOle/sec by using N~ titration. 14 The mixing section was made of a water COOled aluminum tube with a Teflon insert to prevent surface recombination. Acetylene was injected radially through orifices of 0.10 mm diameter. The system was pumped with a 100 cfm blower backed by a 1397B Welch me- The infrared chemiluminescence was monitored through NaCI Windows at various positions along the flow. The emission was focussed with a silicon lens through a chopper onto the entrance slit of a JarrellAsh half-meter Ebert monochromator. Several infrared detectors were used for the observation of the signal in the various spectral ranges of interest; a liquid nitrogen cooled Au-Ge photoconductive detector for the carbon monOxide fundamental emission above 5 Jl, a room temperature PbS photoconductive detector for the carbon monOxide first overtone emission from 2.3-2.8 }..L, and a liquid nitrogen cooled InSb photovoltaic detector for radiation around 5 Jl. The detected signal was amplified by a Keithley model 130 low noise amplifier and processed through a Princeton Applied Research model JB-5 lock-in amplifier using a reference frequency set by the chopper. The spectra were recorded on a Hewlett-Packard dual-pen strip chart recorder. The spectrometer employed a 105 lines/mm grating blazed at 8. 6 Jl in first order. The optical path internal and external to the spectrometer was flushed with dry nitrogen to avoid the atmospheric water vapor absorption which overlaps with CO fundamental emission above 5 Jl. The slitwidth of 1. 5 mm gave a resolution of 80 A with the spectrometer operated in third order.
Our first attempt was to measure the fundamental emission band of carbon monoxide in the 5 Jl region. No well defined spectral features attributable to the CO fundamental were apparent. A series of spectral scans were made in the CO* first overtone emission bands The acceptance angle of the focusing lens was so chosen to provide an f /8 cone to match the spectrometer with unity magnification. The spectra in Fig. 2 show the effect of various amounts of additional cold CO. It was premixed with the acetylene before being injected into the stream of oxygen atoms. The figures show a preferential quenching of the shorter wavelength emission. This is due to the preferential deactivation of the lower levels of the vibrationally excited CO* and will be discussed in detail later. The total pressure under typical operating conditions was a few torr, with the partial pressure of oxygen being a few tenths of a torr and that of acetylene a few hundredths of a torr. The pressure was measured near the observation point with a Wallace and Tiernan Gauge. The flow rates were measured with Matheson # 602 and # 603 flow meters calibrated for the gas measured.
The vibrational population distribution of the excited cO* under various conditions was determined by a computer simulation method.
15 Spectra were synthesized to match the experimental scans with vibrational level populations and the rotational temperature as the input parameters.
For a diatomic molecule, the intensity of a vibrational-rotational transition (v' J' -vJ) in spontaneous emission is given as (4) where v is the frequency of the transition (v'J'-vJ) 
for R -branch transitions,
for P-branch transitions
where for CO
Assuming the rotational population is in thermal equilibrium at a temperature T, then N .. ~ can be expressed by a Boltzmann distribution,
where B" is the rotational constant and Qrot the partition function of the rotational manifold. Substituting (5) into (4) and approximating Qrot, l(v'J'-vJ) ==t,N", ,
The Observed spectrum is the convolution of the spectrometer response and the individual vibrational-rotational emission lines Over the appropriate frequency range. In the computation, 40 P-branch transitions and 40 R-branch transitions were included in the calculation for each vibrational transition band from the transition (2-0) to . The value of vibrational-rotational interaction factors used were taken from Herman, Rothery, and Rubin. 16 The observed spectral intenSity I(v) is the sum over all individual lines collected through the 1. 5 mm slit of the monochromator with a resolution of 80 A. The intensity was corrected for the relative sensitivity of the optical detecting system as determined using a 600 OK blackbody source (Barnes Engineering) scanned in the appropriate spectral region. The calibrated sensitivity thus took into account the following factors: (a) the over-all transmisitivity of the spectrometer, tb) the transmission characteristic of the filter, (c) the detector responsitivity, and (d) the atmospheric absorption in the appropriate spectral range. The total in-tensity of each interval was calculated by using a triangular slit function.
A computer program was set up to calculate a simulated spectrum with the vibrational populations {N H N z , N 3 , N 4 , • •• ,N 14 } and the temperature T as adjustable parameters. In most cases, T was assumed to be room temperature 300 oK. A Boltzmann distribution of the vibrational population was usually used as the initial test set. One or several N~'s were then adjusted until a good match between the simulated spectrum and the observed curve was obtained.
III. A STEADY STATE SOLUTION OF THE RATE EQUATIONS USING THE FAST FLOW APPROXIMATION
In experiments on the quenching of electronic fluorescence, the ratio of the intensities of emission spectra without and with a quenching gas can be related by the simple Sterm-Volmer equation. A similar, however more complicated relation can be established for experiments on ir chemiluminescence from vibrationally excited species. The first approximation implies that the volUmetric pumping rate is made much faster than the rates due to the spontaneous radiative decay, the collisional deactivation' and the diffusion. The second and the third assumptions imply that the spontaneous radiation is confined to the fundamental and the first overtone emisSions and that collisional energy transfer is a Single quantum exchange process. Experimentally it was determined that the observed spectral distribution of the chemiluminescence did not change significantly for observation pOints up to 6 cm from the CzH z injector. The observation zone was therefore considered for the purposes of analysis to be a uniform reaction vessel with a constant source term R" for each vibrational level being the only contribution to the population of level v other than radiative or V-V processes. An estimate of the order of the magnitude of typical first order loss rates is given as follows: the collisional deactivation rate K"",.,,[X) is on the order of 10 3 sec-1 for v >2; the spontaneous radiative rate A"+l.,, + A".:!." is less than 5 x 10 2 sec-1 for vibrational level v::s 15; the diffusion rate K w -D/r, where D is the diffusion constant and r is the dimension of the system, is less than 100 sec-I; and the volumetric pumping rate which is inversely proportional to the residence time is on the order of 10 4 sec -1 • The indicated approximations are therefore reasonable for our system.
With these apprOximations, the steady state master equation without and with cold CO can be written as
where [q] is the concentration of CO formed in the reaction, [Q) is the concentration of CO added (Q» q), N~ is the concentration of vibrational population in level v without additional cold CO, and N .. is the concentration of vibrational population in level v with the additional cold CO.
Subtracting and rearranging the two equations and keeping significant terms, we obtain
The deactivation rate constant ~l.v can be determined by plotting the left hand side of Eq. (10) The measured deactivation rate constant K".V-l and the related deactivation probability P~:~-l are shown in Table n . The last column is the data of Hancock et al. 5 obtained from experiments on the quenching of ir chemiluminescence from CO* formed in the reaction of oxygen with carbon disulfide. There is a good agreement between the two sets of data obtained from two rather different experiments. Our method is a particularly Simple approach to the measurement of V-V energy 
A. Deactivation by other species
In the above analysis, it was assumed that the dominant deactivation was due to the ground state CO. We have to examine the deactivation rates of the excited cO* due to other species which are most likely present in the reaction. These are molecular oxygen, atomic oxygen, hydrocarbons, helium, and water. There is little information available on the deactivation rates of excited CO by hydrocarbons and by atomic oxygen. However, the concentrations of these species are relatively small. a. Oxygen. The average number of collisions with molecular oxygen to deactivate the first vibrationally excited level CO(v::: 1) is reported in Ref. (2) to be ZIO ::: 4.48 x 10 6 • This may be compared with the more recent observations using induced fluorescence, 17 which indicate 2. 96X 10 6 collisions per deactivation and a deactivation rate constant of 2.75 sec"1. torr"l. Under conditions of our experiment, the CO(v::: 1) V-V deactivation rate due to O 2 would be expected to be less than 2 sec "I. Further, the rate of deactivation due to atomic oxygen, which is more efficient than O 2 , is estimated to be less than 80 sec "I assuming 10% dissociation of the molecular oxygen present. For those levels studied v::: 3 to v::: 9, the operative rates due to 0 and O:! are expected to be somewhat faster but still small enough to be ignored in the presence of deactivation by CO(v = 0).
b. Helium. The deactivation rate of the vibrational energy of CO by helium through vibrational-translational energy transfer is not Significant for the low vibrationallevels. For higher vibrational levels (v 2: 8), the rate constants for the deactivation of excited CO by He reported by Hancock et ale 5 were found to be 3 ormole/cm 3 ders of magnitude smaller than that due to CO. This is consistent with the value given by Ref. 2, in which the average number of the collisions for the deactivation CO(1) by He is given to be 3.27 x 10 7 at 286 OK, and Ref. 25, which gives 1. 8X 10 7 • This gives a rate constant for deactivation about 10' smaller than that due to the CO in the ground state under our experimental conditions.
c. Water. There is very little information available on the collisional deactivation rate of excited CO by water at room temperature. The formation of water is mainly in the secondary reactions following the formation of carbon monoxide and is probably negligible in the primary state of the reaction during which the vibrational relaxation of CO is taking place. Deactivation of CO(v = 1) has been measured by Stephenson and Mosburg18 to have a rate constant of 6400 sec-I. torr-I. Higher vibrational leads have not been reported, but it is estimated that CO deactivation by water in our experiment would be less than 1~ of the deactivation rate due to CO. Schwartz, Slaw sky , and Herzfeld (SSH) used a distorted wave approximation to calculate the vibrational energy transfer probabilities induced by the perturbation of the interaction of a diatomic molecule. 19 Later experimental studies on the near-resonant vibrational energy transfer have shown a temperature dependence discrepency when compared to the theory. 20 Sharma and Brau included a contribution to the near-resonant energy transfer due to a long range multipole interaction to give a more satisfactory explanation to the disagreement. 21 However, the V-V energy transfer in the collision CO(v)+CO(O)-CO{v -1)+CO(1)+AE can be resonant or highly nonresonant depending on the energy states involved. No single theory can adequately explain the energy transfer mechanism for a process involving all vibrational quantum states. It has been suggested that both long-range and short-range interactions should be taken into account for the calculation of vibrational energy transfer probabilities at room temperature. 5 The short-range interaction from the molecular repulsive potential has been long considered to be the major contribution to V -V ene rgy transfer in mole cular colliSions. Rapp et al. used first order perturbation theory to formulate V-V energy transfer probabilities due to this kind of interaction. 22 The long-range interaction in collisions due to the molecular multipole interaction has been considered by Sharma and Brau to explain the energy transfer in the near resonant case. It has been shown that the relative contribution to the transition prObabilities is larger due to the long-range interaction at near resonant energy transfer, while for the Off-resonant energy transfer the short range interaction seems to dominate. 21 We have included both long-range and short-range interactions in our calculation. We conSider only a single quantum exchange for the vibrational energy transfer process. The energy transfer probabilities among the high vibrational levels are related to the lowest one by the harmonic approximation, i. e., tf..'~'::l= m(n + 1) J>il:A Or P~::';l = n(m + 1) PA:~. The forward and the reverse transfer probabilities are related by the detailed balance relation, namely, P ;::
kT. We used Sharma-Brau theory to obtain transition probabilities from the long range interaction. 21 The contribution due to the short-range interaction was baSed on Rapp's theory. 22 Jeffers and Kelly23 and Caledonia and Center2 f have previously discussed a similar calculation inclUding both kinds of interaction. Our calculation is shown in Fig. 4 with our chemiluminescence data from the oxygen-acetylene reaction. In the same figure, the experimental data obtained by Hancock et al. are also indicated. ing both long-range and short-range interaction potentials. The fast flow apprOximation greatly simplifies the experimental parameters in the measurement, as well as the data analysis. It provides a simple method for measurement of the energy transfer rates in a diatomic molecular system.
In the following paper, 25 we will discuss a time-dependent solution to the kinetic equations of the vibrational population distribution in a relaxing CO system. In the computation, we include all single vibrationalvibrational exchange colliSions between vibrational levels v = 0 to v = 14, as well as vibrational-translational (V-T) and spontaneous radiative processes in the relaxation. The computational result is compared with the ir chemiluminescence data presented in this paper and that of Ref. 
